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Abstract
We consider gauge unification in nonminimal models with extra spacetime di-
mensions above the TeV scale. Assuming that only a subset of the supersymmetric
standard model gauge and Higgs fields live in the higher dimensional ‘bulk’, we show
that a choice for bulk MSSM matter fields can always be found that preserves ap-
proximate gauge unification. This is true without the addition of any exotic matter
multiplets, beyond the chiral conjugate mirror fields required to make the Kaluza-
Klein excitations of the matter fields vector-like. In some of the examples we present,
gauge unification can be obtained without the necessity of large string scale thresh-
old corrections. We also comment on the phenomenology of these models in the case
where the compactification scale is as low as possible.
∗carone@physics.wm.edu
1 Introduction
Recently, Dienes, Dudas and Gherghetta (DDG) [1] have suggested the intriguing possibil-
ity that grand unication may occur at intermediate or even low energy scales in models
with extra spacetime dimensions compactied on orbifolds of radii R. Above the com-
pactication scale µ0 = 1/R, the vacuum polarization tensors for the gauge elds of the
minimal supersymmetric standard model (MSSM) receive nite corrections from a tower of
Kaluza-Klein (KK) excitations which contribute at one loop. As a consequence, the gauge
couplings develop a power-law rather than logarithmic dependence on the ultraviolet cut o
of the theory, . While this is not running in the conventional sense, the gauge couplings
nonetheless evolve rapidly as a function of , so that it is possible to achieve an accelerated
unication.
In the minimal scenario proposed by DDG, all the non-chiral MSSM elds, the two
Higgs doublets and the gauge multiplets, live in a 4 + δ dimensional spacetime, and have
an associated tower of KK excitations. The chiral MSSM elds are assumed to lie at xed
points of the orbifolds, and thus have no KK towers. This is the simplest way of avoiding
the diculties associated with giving mass to chiral KK states. DDG demonstrated that
an approximate gauge unication could be achieved in this scenario, at a grand unication
scale MGUT that is much smaller than its usual value in supersymmetric theories, 2 
1016 GeV. However, as pointed out by Ghilencea and Ross [2], strict comparison to the
low energy data reveals that for TeV-scale compactications, the DDG model predicts a
value for α3(mz) that is higher than the prediction in conventional unied theories, which
is already 5 standard deviations higher than the experimental valuey. Assuming that
the unication point coincides with the string scale, then a specic model of string scale
threshold corrections is required before one can claim that unication in the DDG model
is actually achieved.
It is the purpose of this paper to point out that there are a number of simple variations
on the DDG proposal that achieve gauge unication at the same level as, and sometimes
signicantly better than, the minimal scenario described above. As pointed out by DDG,
one possible variation is to allow η generations of matter elds to experience extra dimen-
sions, and to add to the theory their chiral conjugate mirror elds, so that suitable KK
mass terms may be formed. Assuming that the orbifold is S1/Z2, then one may take the
mirror elds to be Z2 odd, so that unwanted zero modes are not present in the low-energy
theory. Given that the KK excitations of the matter elds form complete SU(5) multiplets,
it is perhaps not surprising that if unication is achieved for η = 0, it will also be preserved
†Using the same two loop code and input values described later in this paper, we find that α3(mz) 
0.1276 in conventional supersymmetric unified theories, compared to the world average, 0.1191  0.0018
[3].
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for η 6= 0, at least for some range of µ0.
What is less obvious is that the KK excitations of the matter elds may be chosen to
form incomplete SU(5) multiplets, and an approximate unication may still be preserved if
only some of the MSSM gauge and Higgs elds experience extra dimensions. In Section 2 of
this paper we show that examples of this type can always be found, regardless of what subset
of gauge and Higgs elds are chosen to live at orbifold xed points. In Section 3 we study
these cases quantitatively, taking into account weak-scale threshold corrections, and two-
loop running up to the compactication scale. For TeV scale compactications, we will see
that one of our scenarios works about as well as that of DDG, another unies signicantly
better, while a third allows for a precise unication without any threshold corrections at the
high scale whatsoever. In Section 4 we discuss some of the phenomenological implications
of our results when the compactication scale is taken as low as possible, and we summarize
our conclusions.
2 Four scenarios
We assume 4 + δ spacetime dimensions, with δ dimensions each compactied on a Z2
orbifold of radius 1/µ0. The elds that experience extra dimensions are periodic in the
δ new spacetime coordinates y1 . . . yδ, and are either even or odd under ~y ! −~y. For















where n indicates the KK mode. The only other elds in the theory are those which live
at the orbifold xed points y = 0 or y = piR, and have no KK excitations.
The eect of a tower of KK states on the running of the MSSM gauge couplings was
computed by DDG, and is given in a useful approximate form by [1]
































Hu + Hd (3/5,1,0)
Q + Q (1/5,3,2)η
U + U (8/5,0,1)η
D + D (2/5,0,1)η
L + L (3/5,1,0)η
E + E (6/5,0,0)η
total: (3/5,-3,-6) (4,4,4)η
Table 1: Contributions to ~bi.
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,−3,−6) + η(4, 4, 4) , (2.5)
where η is the number of generations of matter elds that experience extra dimensions.
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 0.92 . (2.7)
We will now show that there are a variety of other models, each with a dierent set of
MSSM elds living at the orbifold xed points, that lead to B12/B13  B13/B23  1. First,
notice that the ~bi of the minimal scenario can be decomposed into the contributions from
the KK excitations of each MSSM eld, as shown in Table 1. An overline denotes a mirror
eld required so that the given KK tower is vector-like. This table is useful in that it allows
us to mix and match. For example, consider a model with all leptons and gauge elds living
in the bulk, but with Higgs elds and quarks at the xed points. The ~bi are given by
~bi = (0,−4,−6) + 3  (9/5, 1, 0) = (27/5,−1,−6) . (2.8)











 0.95 . (2.9)
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Scenario Bulk Fields B12/B13 B13/B23
Minimal SU(3), SU(2) ,U(1), H 0.94 0.92
1 SU(3), SU(2), U(1), 3E, 3L 0.96 0.95
2 SU(3), U(1), H, 2U, 2D 0.94 0.92
3 U(1), H, L, 3E 1.00 1.00
4 SU(2), U(1), H, Q, 2L Bij = 0
Table 2: The Four Scenarios. For explanation of the notation, see the text.
As we will conrm explicitly in the next section, this scenario achieves unication more
precisely than the minimal one.
In Table 2, we present four scenarios with Bij ratios that are as good as, and sometimes
signicantly better than, the minimal scenario. We indicate the gauge group when the
corresponding gauge multiplet is a bulk eld, H for both MSSM Higgs elds, and n for
n generations of an MSSM matter eld   (Q, U, D, L, or E). Note that for each of the
scenarios given there is an identical one, as far as our renormalization group analysis is
concerned, in which the U(1) gauge multiplet is placed at the xed point; this is the case
simply because the KK excitations of the U(1) gauge multiplet are singlets, and don’t aect
any of the beta functions ~bi. Moreover, for each of the scenarios shown there is an identical
one in which H is exchanged for L (or vice versa). The vector-like tower of KK excitations
associated with a zero-mode left-handed lepton eld have the same eect on the ~b as the
tower associated with the MSSM Higgs elds. What is interesting about Table 2 is that it,
taken together with the comments above, exhausts the possible choices for placing some of
the gauge and Higgs multiplets in the bulk. Surprisingly, in each case there exists a set of
chiral MSSM elds assigned to the bulk that restores approximate gauge unication, where
we dene this to mean unication that is as good as or better than the unication achieved
in the minimal DDG model. We will now consider this statement quantitatively.
3 Numerical Results
Our numerical analysis of gauge unication in the scenarios listed in Table 2 is quite con-
ventional. We adopt the MS values for the (GUT normalized) gauge couplings α1(mz) =
58.990.04 and α2(mz) = 29.570.03 that follow from data in the 1998 Review of Particle
Physics [3]. We run these up to the top quark mass, where we then assume the beta func-
tions of the supersymmetric standard model, and where we convert the gauge couplings
to the DR scheme. We take into account threshold eects, due to varying superparticle
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Figure 1: Unication in Scenarios 1, 2 and 3, with  in GeV. The minimal scenario is
provided for comparison.
masses, at the one-loop level, and running between mtop and the compactication scale µ0
at the two loop level. We then use Eq. (2.3) above the scale µ0 to determine the unication
point. Thus, our procedure is similar to Ref. [2], except that we allow for greater freedom
in our choice of weak scale threshold corrections. This procedure is iterated with trial
values of α3(mz) until a suitable three coupling unication is achieved. For each of the
given scenarios we obtain a prediction for α3(mz) assuming no threshold corrections at the
unication scale. While such high scale threshold corrections should be present generically,
our approach allows us to test the assumption that these need not be large.
In Fig. 1, we show the qualitative behavior of unication in scenarios 1, 2 and 3 by
plotting the running couplings above a compactication scale of 2 TeV, assuming the ex-
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Scenario δ = 1 δ = 2 δ = 1 δ = 2
µ0 = 2 TeV µ0 = 2 TeV µ0 = 10
8 GeV µ0 = 10
8 GeV
minimal 0.1734 0.1778 0.1520 0.1552
1 0.1438 0.1453 0.1377 0.1388
2 0.1743 0.1792 0.1536 0.1569
3 0.1163 0.1164 0.1205 0.1206
Table 3: Predictions for α3(mz), assuming no weak scale threshold corrections.
perimental value of α3(mz) = 0.11910.0018 [3]. We have omitted scenario 4 from this plot
since perturbativity of the gauge couplings forces a much higher compactication scale, as
we will discuss later. Table 3 presents predictions for α3(mz) in the scenarios that allow
either an intermediate or low unication scale. We display results for δ = 1 and 2, and
for µ0 = 2 TeV and 10
8 GeV. These choices are sucient to understand the qualitative
behavior of the results: as δ increases, the predictions for α3(mz) increase monotonically,
while for increasing values of µ0, the predictions approach that of the MSSM without extra
dimensions. Table 4 provides the predictions for α3(mz) including representative weak scale
threshold eects, in which we’ve either placed all the non-colored superpartners at 1 TeV,
with the rest at mtop, or vice versa. Let us consider the results for each of the scenarios in
turn:
 Minimal scenario: This is the η = 0 scenario of DDG, which we include as a point
of reference. The beta functions for this scenario are given in Eq. (2.5). Note that for
δ = 1 and µ0 = 2 TeV the low energy value of α3(mz) is 30 standard deviations above the
experimental central value, 0.1191 0.0018 [3], and improves to 16 standard deviationsz
if one assumes that colored superpartners at the weak threshold are all at mtop while
noncolored sparticles are at 1 TeV. These results agree qualitatively with those in Ref. [2],
where a dierent approximation for weak scale threshold eects was used.
 Scenario 1: In this scenario, the gauge elds and leptons live in the bulk, while the
Higgs and quarks live at orbifold xed points. The beta functions for this scenario were
given in Eq. (2.8). Notice that our previous observation that this scenario satises the
relation B12/B13 = B13/B23 = 1 more accurately than the minimal case does translate
into a better predictions for α3(mz). For δ = 1 and µ0 = 2 TeV, and assuming the same
choice for weak scale threshold corrections applied to the minimal scenario above, we nd
agreement with the experimental value of α3(mz) at the 4 standard deviation level.
‡Had we used value of α3(mz) in the 1996 Review of Particle Physics, we would obtain results too high
by about 9.8 standard deviations. The experimental determination of α3 has since improved.
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Scenario δ = 1 δ = 2 δ = 1 δ = 2
µ0 = 2 TeV µ0 = 2 TeV µ0 = 10
8 GeV µ0 = 10
8 GeV
A
minimal 0.1473 0.1509 0.1320 0.1344
1 0.1263 0.1283 0.1206 0.1215
2 0.1494 0.1528 0.1325 0.1348
3 0.1049 0.1050 0.1078 0.1079
B
minimal 0.1947 0.2006 0.1678 0.1717
1 0.1566 0.1606 0.1495 0.1509
2 0.1947 0.2006 0.1688 0.1727
3 0.1253 0.1255 0.1300 0.1300
Table 4: Predictions for α3(mz), assuming (A) all noncolored superpartners have 1 TeV
masses while the rest have masses of mtop, and (B) all colored superpartners have 1 TeV
masses while the rest have masses of mtop.
 Scenario 2: In this scenario, the SU(2) gauge multiplet is conned to the xed point,
while precisely two generations of right-handed up and down quark superelds live in the
bulk. The KK beta function contributions are given by
~bi = (23/5, 1,−2) . (3.10)
This scenario achieves unication approximately as well as the minimal scenario due to a
numerical accident: Placing SU(2) on the xed point increases ~b2, while assigning the given
set of right-handed quark elds to the bulk increases ~b1 and ~b3 by just the right amount to
yield ~bi that are the same as in the the minimal scenario with η = 1.
 Scenario 3: In this example, all the gauge elds are conned to the orbifold xed
points. The Higgs elds, one lepton doublet, and all three generations of right-handed
leptons live in the bulk. This case is interesting in that none of the colored elds have KK
excitations, so that α−13 () continues to run logarithmically above the compactication
scale. We nd
~bi = (24/5, 2, 0) . (3.11)
Unication may be achieved at a low scale because of the power-law evolution of α−11 and
α−12 , as can be seen from Fig. 1. This is by far the most successful of the four scenarios,
predicting α3(mz) only 1.4 standard deviations below the experimental central value, ignor-
ing all threshold corrections. Allowing the supersymmetric particle mass spectrum to vary
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between mtop and 1 TeV, as in Table 4, we nd that the scenario 3 prediction for α3(mz)
varies between
0.105 < α3(mz) < 0.125 . (3.12)
Thus, unication can be achieved in this model without any string scale threshold correc-
tions.
 Scenario 4: In this scenario, the SU(3) gauge multiplet is conned to the xed point,
while precisely one left handed quark supereld, two left-handed lepton elds and the
MSSM Higgs elds live in the bulk. The KK beta function contributions are given by
~bi = (2, 2, 2) . (3.13)
The assignment of bulk elds described above is equivalent to adding two SU(5) 5+5 pairs
at each KK level. Unlike scenarios 1, 2 and 3, TeV-scale compactication leads to a loss
of gauge coupling perturbativity before unication is achieved. We nd that perturbative
unication occurs in this scenario only if µ0 > 51014 GeV. As a representative example,
we nd that for δ = 1 and µ0 = 10
15 GeV, the predicted value for α3(mz) is 0.1264, without
any threshold corrections. However, since we cannot achieve a low scale unication in this
scenario, we will say nothing more about it.
4 Discussion
What is interesting about the scenarios we’ve presented is that an approximate gauge
unication can be achieved in so many dierent ways. One of our models (scenario 2) works
about as well as the original proposal by DDG for low scale unication, while scenarios 1
and 3 work signicantly better. In scenario 1, the implication is that the magnitude of string
scale threshold corrections required to make the model work is much smaller than in the
minimal DDG model, while in scenario 3, such high scale corrections need not be present
at all. Before concluding, we comment briefly on some of the other phenomenological
implications of the more successful scenarios, 1 and 3, when the compactication scale is
low.
In scenario 1 the gluon has a tower of KK excitations, which leads to a signicant
bound on the compactication scale. The KK gluon excitations are massive color octet
vector mesons, with couplings both to zero mode gluons and to all the quarks. Thus,
the KK gluons are in every way identical to flavor universal colorons, and are subject to
the same bounds. Recall that in coloron models, one obtains a massive color octet from
the spontaneous breaking of SU(3)SU(3) down to the diagonal color SU(3). In the case
where the two SU(3) gauge couplings are equal, the coloron couples to quarks exactly like
a gluon, or a KK gluon. The couplings of colorons or KK gluons to zero mode gluons are
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completely determined by SU(3) gauge invariance, and hence are also the same. Thus the
relevant bound on the lowest KK gluon excitation is given by Mc < 759 GeV at the 95%
condence level [4], which follows from consideration of the dijet spectrum at the Tevatron.
This constraint places a lower bound on the scale for all the KK excitations. Scenario 1
is particularly interesting when one takes into account that interaction vertices involving
elds that all live in the higher dimensional bulk respect a conservation of KK number.
(One can think of this as arising from the conservation of KK momentum following from
translational invariance in the extra dimensions.) Hence, in scenario 1, the KK excitations
of the electroweak gauge elds cannot couple to the lepton zero modes, and we obtain both
Z 0 and W 0 bosons with otherwise standard couplings, that are naturally leptophobic! On
the other hand, in Scenario 3, which provides the most precise gauge unication, none of
the gauge elds experience extra dimensions, in the version of the model in which the U(1)
gauge multiplet is at the orbifold xed point. If we take the compactication scale above
half the LEP center of mass energy, µ0  95 GeV, we will evade any possible bounds from
the pair production of charged KK leptonsx. We conclude that a very low compactication
scale in scenario 3 is not ruled out by the direct production of any of the KK states.
Thus there is the possibility that the accelerated running of the SU(2) and U(1) gauge
couplings above µ0 could be brought within the range of high energy collider experiments.
Here we can’t resist the temptation to speculate that for µ0 above the LEP center of
mass energy, only the high energy tail of observables at hadron colliders would show the
eect of the altered running, and this is exactly where the statistics are smallest. This
might allow us to choose, for example, µ0 = 200 GeV, which implies MGUT  6.3 TeV for
δ = 1 or 1.3 TeV for δ = 2. Finally, we note that the nonstandard choices for embedding
MSSM elds into the higher dimensional space that we have described in this paper has
implications for Yukawa coupling evolution, and hence the flavor-structure of each of our
scenarios. While the purpose of the present work was to focus on gauge unication in these
nonminimal scenarios, the phenomenological issues and speculations raised in this section
will be considered in quantitative detail in a separate publication [5].
Acknowledgments
CDC thanks the National Science Foundation for support under grant PHY-9800741.
References
[1] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Lett. B436 (1998) 55; Nucl. Phys.
B537 (1999) 47.
§Note that the presence of higher-dimension operators will assure that none of these KK states are
exactly stable. Details will be given in [5].
9
[2] D. Ghilencea and G. G. Ross, Phys. Lett. B442 (1998) 165.
[3] Review of Particle Physics, Particle Data Group, Eur. Phys. J. C3 (1998) 1.
[4] B. Abbott et al. (D0 Collaboration), FERMILAB-Conf-98/279-E, e-print archive: hep-
ex/9809009.
[5] C. D. Carone, in preparation.
10
